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Analysis of urinary hormone levels can be used to identify sex and breeding
patterns in amphibians. This is especially important for ensuring the survival of
endangered species. The most common way to determine hormone levels is enzymelinked immunosorbent assay (ELISA); however, there is the possibility of cross-reactivity
with this technique, and only one hormone can be monitored per plate, limiting
efficiency. In this study, the effectiveness of liquid chromatography coupled to mass
spectrometry (LC-MS/MS) was evaluated in terms of sensitivity, repeatability, and
through-put in monitoring hormone levels in Anaxyrus boreas boreas (boreal toads).
Urine samples were collected from ten different female Boreal toads over a three-year
period and monitored for estrone, β-estradiol, estriol, 17α-ethinylestradiol, corticosterone,
testosterone, and progesterone. To account for differences in urine concentration,
creatinine (a metabolic breakdown product) was used to normalize all samples as it is
typically present at a constant concentration. Prior to chromatographic analysis, all

samples underwent a solid phase extraction (SPE) clean-up. Hormones in the estrogen
class were derivatized via dansylation prior to analysis to enhance detection sensitivity.
An Agilent 1290 Liquid Chromatograph coupled to an Agilent 6460 Triple Quadrupole
Mass Spectrometer was used to quantitate hormone levels. The extraction method
developed proved to be reliable and reproducible with percent recoveries in quality
control samples ranging from 80%-120%. Using LC-MS/MS and derivatization, limits of
quantitation as low as 0.001 parts-per-billion (ppb) were achieved for estrogens and 0.100
ppb for androgens. Ultimately, the method optimized for hormone analysis using LCMS/MS showed to be as reliable as ELISA while also being less expensive per sample
and more robust.
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CHAPTER I
INTRODUCTION

Boreal Toads
Population declines in Boreal toads (Anyraxus Boreus Boreus) have prompted the
implementation of recovery strategies for the preservation and propagation of the isolated
species. Commonly known as the Bufo boreas or “Western Toad,” boreal toads are a
large toad species between measuring 5.6 and 13 cm long. The boreal toad subspecies is
dusky gray or greenish in color with skin glands concentrated within the dark blotches
(Figure 1.1). Distinguishing features of this species include oval parotoid glands located
behind the eyes and a white/cream dorsal stripe. Boreal toads are often found throughout
the mountainous areas of northwestern North America, but most commonly found in the
Rocky Mountain region (Carey, 1993). Boreal toad populations in the southern Rocky
Mountain region typically range between 2,000 to 3,600 meters which is dominated by
colder temperatures (Carey et al., 2005). The boreal toad’s unique ability to survive in
colder temperatures is facilitated by extended periods of hibernation (Calatayud et al.,
2015). Breeding occurs in the short summer season between mid-May through late June
and breeding sites are usually found in or near water sources such as: lakes, ponds, and
temporary pools created from snowmelt (Carey et al., 2005). Female boreal toads
typically lay an estimated 17,000 eggs which are connected in strings that adhere to
vegetation and other objects along water edges allowing the males to then fertilize the
1

eggs. Male boreal toads breed every year whereas the females breed at less regular
intervals, depending on individual condition and previous years' breeding effort.
Population declines are categorized with three major contributors: environmental factors,
suppression of the immune system, and stress (Carey, 1993). Environmental factors that
have been theorized to affect populations are precipitation, temperature, and UV-B
radiation. Disease amongst the toads is also hypothesized to play a role in the decline,
specifically chytridiomycosis, caused by the chytrid fungus Batrachochytrium
dendrobatidis [Bd] (Scherer et al., 2005). Bd attaches to the skin of the toad by
waterborne zoospores and moves to the basal layer of the epidermis. Bd inhabits in the
skin cells of adult toads and replicates; as the cells mature they make their way to the
surface. The toad is then unable to obtain important ions through skin absorption and can
lead to cardiac arrest (Ramsey et. al, 2010). Stress is also thought to play a significant
role in loss. Stress can often stem from environmental factors and lead to immune
suppression, indicating that all major factors could be linked in some fashion. Stress
experienced in the species can also be caused by interference by the human race,
invading the toad’s habitat and application of pesticides (Carey, 1993).
Amphibians play an integral role in the food chain, providing predators with a
food source and eating insects which are considered pests. Adult boreal toads eat
copious quantities of insects such as mosquitoes, which can transmit deadly illnesses to
humans (Carey, 1993). West Nile, Zika, yellow fever and others are some of the deadly
illnesses associated with transmission from mosquitoes. Without population control of
mosquitoes, humans are more susceptible to the illnesses (Paixão et al., 2017). Boreal
toads not only deter pest populations from rising they also serve as an important food
2

source to a wide variety of predators. Some of the more common predators to feed on
boreal toads are small mammals, snakes, and birds. Although the toad uses the toxic
substance secreted from its parotid gland to defend itself, some prey have developed a
clever way to avoid poisoning by only eating a portion of the boreal toad (Carey et al.,
2005). The disappearance of the boreal toad impacts a complicated food web and,
eventually, the entire ecosystem.

Figure 1.1. Boreal Toad (Image downloaded from Center for Biological Diversity
courtesy of Flickr Creative Commons, J.N. Stewart).
Immunoassays
Non-invasive endocrinology includes the use of urine or other biological fluids to
quantitate hormone levels in samples with limited disturbance to the animal. Boreal toad
hormones are natural products that act at micromolar concentrations in urine and other
biological fluids to regulate most physiological, reproductive, and developmental
processes. The hormones of interest include androgens (testosterone, progesterone, and
3

corticosterone) and estrogens (estrone, estriol, 17α-ethinylestradiol, and β-estradiol).
Immunoassays commonly falls under five major types: radioimmunoassay (RIA),
counting immunoassay (CIA), enzyme immunoassay (EIA), fluoroimmunoassay (FIA),
or chemiluminescenceimmunoassay (CLIA). In RIA, an antigen is bound to a
radioisotope and further bound to its complementary antibody; the sample then competes
with the radioactive antigen and binds over the radioactive antigen. The radioactivity is
measured and correlates to the amount of target antigen present in the sample. CIA assays
use beads, consisting of polystyrene, coated with antibodies complementary to the target
antigen to measure the amount of antigen present. The unbound beads are counted using
a cell counter and the value is inversely proportional to the amount of antigen after an
incubation period. FIA and CLIA are both centered around light sources. FIA measures
fluorescent intensity caused by antibody-antigen complexes labeled with fluorescent
probes, whereas CLIA utilizes luminescence. In FIA, certain frequencies of light excite
electrons causing higher energy, and in CLIA this same outcome is caused by a chemical
reaction. Hormones are commonly identified using competitive binding assays,
specifically EIA, which is a type of assay that detects peptides or proteins based on a
competitive principle (Voller et. al 1978). The competitive EIA principle can be
described as the competitive binding process of the antigen present in the sample to the
antigen added to the sample. The competition occurs when the antibody is in competition
with the sample’s antigen present to bind to the antigen in the well of the plate. EIA links
an enzyme to the antibody and substrate is added. The substrate undergoes a chemical
reaction catalyzed by the enzyme that results in a color change, which is used for
quantitation. The two major advantages to using competitive EIA is its high specificity
4

due to two antibodies being used and it is suitable for complex samples since the antigen
does not require purification.
LC-MS/MS
Liquid chromatography coupled to mass spectrometry (LC-MS/MS) is an
analytical technique that is used for the identification and/or quantitation of small
molecules through separation and mass analysis. LC-/MS/MS uses solvents (mobile
phases) to transport compounds across a stationary phase (analytical column) and
separates them by their intrinsic affinity for both the mobile phases and column. Mobile
phases used in liquid chromatography typically include an aqueous solution and an
organic solvent utilized at different ratios to allow retention and separation of compounds
across the stationary phase. The mobile phase ratios are considered two elution types:
isocratic and gradient. A pump, commonly binary, provides a set flow of the mobile
phases at either of the elution types listed previously which carries the liquefied sample
across the analytical column to the detector. In this technique, the detector is a mass
spectrometer which takes charged particles (ions) from the compounds of interest and
uses electric and magnetic fields to measure the mass of the charged particles. The most
common types of ionization in current mass spectrometry include atmospheric pressure
photoionization (APPI), atmospheric pressure chemical ionization (APCI), and
electrospray ionization (ESI). An APPI source ionizes gas phase analytes with ultraviolet
light. APCI is a gas phase chemical ionization where the mobile phases behave much like
a reagent gas to ionize the sample. ESI uses electrical fields, generating charged droplets,
to ionize the sample. The analysis of hormones is completed on an ESI source which is
considered a softer ionization when compared to the other types of ionization. An
5

application summary of the three types of common sources in shown in Figure 1.2. The
LC-MS/MS is equipped with an ion source (ESI) which assist in ion spray of sample
delivered from the LC. The skimmer cone is located before the quadrupoles and after the
ion source to reduce gas load entering the system. The first quadrupole separates
precursor ions by mass to charge ratio (m/z), filtering out ions not of interest. The second
quadrupole is a collision cell uses a gas (H2, N2, or Ar) to fragment the precursor ion. The
fragments, product ions, are then filtered by the third quadrupole. The filtering by the
first and third quadrupoles provides selectivity when looking at a wide variet
y of compounds.

Figure 1.2. Application of ion sources (Modified from Voyksner, R.D., 2012).
Purpose
Boreal toad hormone profiling has historically been performed using traditional
EIA. These assays can be limiting in areas important in research such as money and time;
however, the immunoassays presently used are limited in availability, and the short
6

supply is estimated to last less than three years from the present date. In order to combat
the limitations of immunoassays, a LC-MS/MS method was validated and performed on
250 Boreal toad urines and 50 serum samples. The LC-MS/MS method was proven to
allow reproduction physiologists to profile faster, more accurately, and cheaper in
comparison to the EIA previously used for the same urine and serum samples. The assays
cost around 50 USD to run per hormone where the LC-MS/MS method can analyze at
least 8 hormones for a total of 45 USD. One benefit to LC-MS/MS is cross-reactivity is
not an issue due to selectivity, which can account for more accurate and reliable results.
The data collected from the newly developed method was used to assist in the
determination of time points crucial to reproduction in the boreal toads used for the study.
The LC-MS/MS method also proved to be less invasive to the boreal toads in captivity by
using significantly smaller sample amounts. The LC-MS/MS method has the capability to
change the way zoos and reproduction physiologists across the world profile hormones to
assist in the preservation and conservation of species in captivity.

7

CHAPTER II
LITERATURE REVIEW

Boreal Toads
Boreal toads are a large toad species that are a geographically isolated population
known to inhabit higher elevations of the southern Rocky Mountains (Muths, 2003;
Calatayud et al., 2015). Although a few sizeable populations of Boreal toads remain
disease-free, there has been a notable decline in populations which have in turn
heightened conservation efforts (Muths 2003). The boreal toads are considered
endangered in the states of Colorado and New Mexico (Carey et al. 2005). While the
conservation status on a federal level has not yet reached endangerment, there is still a
growing concern as to which conditions, or combination of, are contributing to the
decline of the Boreal Toad species.
The Boreal toads are commonly found in areas that are protected under the state or
federal government (i.e. National Park Service) so it is not likely that habitat destruction
is a leading cause of the decline in population. However, ski area expansion around the
regions that boreal toads inhabit could be directly affecting the population. Unlike other
regions in the United States, there are no regulations requiring the ski area development
to be a certain distance from wetlands, and those type of developments require a large
amount of area for their infrastructure (i.e. lifts, facilities, lodging, parking) (Muths,
2003).
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Climate conditions are often theorized as contributing factors to the decline of toad
populations (Scherer et al. 2005). Boreal toads have thin, permeable skin that is useful for
hydration but can expose them to the harsh conditions at higher elevations. Dry
conditions could be contributing to the decline as toads can dehydrate easily, becoming
more susceptible to disease. Scherer et al. (2005) concluded survival rates of the boreal
toads did correlate with winter air temperature and the length of the previous growing
season but could not conclude with certainty that weather/climate conditions caused the
decline in adult boreal toads all together. Scherer et al. (2008) also studied the effects of
weather and further supported previous studies of weather having an affect on survival
rates. Some have theorized that ultraviolet B (UV-B) radiation contributes to the decline
in boreal embryo survival rates which was explored by Hossack et al. (2006). It was
believed with the recent increase of UV-B, due to the depletion of the ozone, embryo
survival decreased due to said exposure. Hossack et al. (2006) surveyed boreal toad
populations across Glacier Nation Park (172 ponds) and found little correlation between
the UV-B exposure and decline in embryos which discounts this theory. The boreal toad
was found to breed in a slightly higher occurrence in ponds with higher UV-B exposure.
There was a relationship between elevation and UV-B exposure which could explain the
increase in boreal toads and embryos, as they live in higher elevated regions (Hossack et
al. 2006). Natural climate changes play a major role in all ecology, but human
interference also introduces several variables making it difficult to understand the direct
cause-and-effect on all toad species specifically the boreal.
Disease, both fungal and bacterial, amongst toad populations is a second common
hypothesis in relevance to population decline. The boreal toad population is considered
9

isolated in some cases, still exposure through human and animal contact could introduce
the boreal toad to new diseases. Chytridiomycosis is a disease caused by
Batrachochytrium dendrobatidis (Bd), a pathogen, that has been associated with the
boreal toad. Pilliod et al. (2009) conducted a six-year capture-recapture study on three
different populations of boreal toads to study Bd’s survival rates and influence. The
project included three populations: one population unaffected by the pathogen and two
affected populations. The presence of Bd did show contributing factors to slow
population decline; however, in other areas the study showed Bd had an insignificant
effect on survival. It is a possibility that colder temperatures during the breeding season
could have a negative effect on Bd, therefore allowing affected populations a higher
survival rate during those harsher years studied (Pilliod et al., 2009). Scherer et al. (2005)
also studied the hypothesis that Bd was the cause of boreal toad population declines but
noted other hypotheses have not been explored thoroughly. They conducted an elevenyear capture-recapture study to evaluate weather and disease as contributing factors and
found that disease had a larger impact than weather conditions (ICUN 2015).
It is often thought that climate and diseases directly related to one another, as a harsh
climate can stress the boreal toad and lead them to experience immunosuppression
making them more susceptible to disease. To adapt to colder environments the boreal
toad can undergo longer periods of hibernation. While this period is necessary in natural
environments, it can be shortened or even avoided all together in captivity allowing the
boreal toad a chance to build a stronger immune system. Low temperatures experienced
in the region where boreal toads are commonly found can have a negative impact on the
immune system. In captive breeding programs manipulating the climate and hibernation
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period (eliminating fasting) can reduce stress and allow for a better breeding period
(Calatayud et al., 2015).
The boreal toad has a complex group of behavioral and physiological responses to
help them deal with stressors. The stress toads experience can come from human
interferences, predators, or environmental factors. When studying the hormones
associated with reproduction it is also important to measure the hormone that indicates
stress, corticosterone (Pilliod et al. 2009, Burraco et al. 2015). The main concern in
sample collection should be protecting the toads from further induced stress with a swift
and straightforward process. It has been proven that if samples are collected properly
corticosterone levels due not rise for a significant amount of time (Sheriff et al. 2011).
While the cause(s) of population decline are extremely important to understand;
endocrine physiology, the study of hormones, will ideally assist breeding in captivity
efforts allowing boreal toad populations to be restored.
Hormones of Interest
Hormones act as chemical messengers that often ‘trigger’ a response from another
part(s) of a system. For a cell to respond to the message from a hormone it must have the
appropriate receptors to receive the signal (Contro et al., 2015). Once the hormone is
bound to its receptor and the activation of that receptor has begun, the biological function
can then be performed. The biological functions of hormones can include growth,
development, and sexual reproduction. It has been studied and findings show that toad
species use identical hormones as other vertebrate taxa in the same fashion (Moore,
2005). Hormones involved in reproduction are referred to as reproductive hormones and
can be divided into three classes: androgens, progestins, and estrogens. The role of
11

hormones in physiological functions in humans as well as animals is key in
understanding reproduction and disease. The steroid hormones are actively involved in
secondary sexual characteristics, modulation of gene transcription, and regulation of
endocrine and immune functions among other things (Dai W. et al. 2012).
Androgens (Figure 1.3) control diverse processes in reproduction and development.
Corticosterone is specifically important to measure due to the toad’s physiological
response to stressors. The activation of the hypothalamic-pituitary-adrenal (HPA) results
in the secretion of the hormone. The response to the stimulation has been shown to last
anywhere from several minutes to hours. Escaping a life-threatening situation (i.e.
predator) results in short-term elevated corticosterone levels which are typically
harmless, but continuous activation of the HPA can lead to dire effects in the toad.
Immune-suppression or overall poor health has been noted with long term elevated
corticosterone levels (Sheriff et al., 2011). Testosterone is the principle androgen
circulating in plasma of toad species (Narayan, 2013). Testosterone is associated with a
range of developmental and physiological processes, specifically male development and
sexual maturation. Testosterone is also involved with the maintenance of male
reproductive organs (Contro et al., 2015).
Progesterone, a progestin, has been linked to final maturation of reproductive tissues
and the release of the ‘jelly’ used to coat the oviduct in amphibians (Redshaw, 1972).
Progesterone has also been associated with non-reproductive tissues in the cardiovascular
system, bone, and central nervous system in humans exhibiting its complex role in
biological functions (Contro et al., 2015).

12

Figure 2.1 Chemical structures of androgen and progestin hormones of interest.

Estrogens are also steroid hormones but are typically associated with the promotion,
development, and maintenance of female characteristics (Figure 2.2). Estradiol has been
shown to affect the timing involved with metamorphosis in anuran amphibians, having
dramatic affects on growth and development of larval stages (Hayes 1997). Hayes (1997)
observed inhibited growth and development in larval stages with the addition of estradiol.
He found the estradiol significantly inhibited tail resorption; for example, the subjects
showed slower foreleg development in comparison with control subjects. Estrone and
estriol are other naturally occurring hormones, less potent than estradiol, that are involved
with vitellogenesis. Redshaw (1972) noticed these estrogenic compounds having an
affect on several tissues, notably the oviduct being enlarged. 17α-ethinylestradiol is a
synthetic hormone derived from estradiol and has been found to negatively affect some
natural processes. Aris et al. (2014) noted 17α-ethinylestradiol has been shown the ability
to delay sexual maturity and alter sex determination. 17α-ethinylestradiol does not readily
degrade so it is often persistent in the environment and can be harmful at concentrations
as low as nanogram per liter (ng/L) for aquatic life. Aris et. al 2014 conducted a study on
13

several species of fish (Medaka, three-spined stickleback, chinese rare minnow, atlantic
salmon, zebrafish, gulf pipefish, and sand gobies) showing the negative effects of 17αethinylestradiol. 17α-ethinylestradiol has shown negative effects on metamorphosis in the
northern leopard frog. When exposed as tadpoles during metamorphosis to 17αethinylestradiol, the tadpoles exhibited mental delay and a strong female-biased sex ratio
(Hogan et al., 2008).

Figure 2.2 Chemical structures of estrogen hormones of interest.
Historical Testing of Hormones
Immunoassays are commonly used to quantitate hormone concentrations in toad
species due to their reliability and availability. The technique is considered non-invasive
because it uses biological samples (i.e. urine) which, when collected, has minimal
disturbance to the toads. Blood (plasma or serum) is commonly used in the measurement
of hormones, but collection of blood samples is becoming less common due to the
14

adverse effects it can have on the toad. Blood samples often require physical restraint
and/or anesthesia methods, which can generate stress and compromise the toad’s health
(Narayan, 2013). Biological samples can contain components that can cause interferences
with the hormone measurement. Plasma specifically contains elevated levels of lipids,
which can affect the hormone concentration measured by immunoassays. A suitable
solvent, a saponification step, or even a solid phase extraction technique can be used to
remove those interferences nevertheless (Sheriff et al., 2011). Since the interferences can
be dependent on species and matrix, it is critical to validate each assay to ensure proper
quantification. Typically, four requirements need to be met to validate an immunoassay:
accuracy, parallelism, specificity, and limitations. Limitations of the assay are important
to understand to help ensure the number of false positives or negatives remain low
(Sheriff et al., 2011; Narayan, 2013). Accuracy is important to the method as it ensures a
direct correlation between the amount recovered by the extraction and amount of
hormone fortified. Parallelism should be achieved to demonstrate the serial dilutions of
the sample are parallel to the slope of the standard curve. Lastly, specificity establishes
no significant interferences from other hormones of similar binding potentials (Sheriff et.
Al., 2011). When validating an immunoassay, Voller et al. (1978) states it is also
important to find optimum conditions for each portion of the test. The conditions of
concern could be optimum concentration of the antibody during the coating of the solid
phase, optimal incubation times, and optimal time of substrate development.
The most common types of immunoassays utilized for toad hormone analysis, in the
competitive binding class, are radioimmunoassys (RIA) and enzyme immunoassays
(EIA). Enzyme immunoassays involve at least one separation step where the bound
15

enzyme is separated from unbound enzyme; This allows for the measurement of either
bound or free activity (Voller et al., 1978). RIA is used less often due to its requirements
of a radioactive certified lab and specialized equipment designed to use radioactive
isotopes, which can be expensive (Burraco et al., 2015). EIA and RIA both require an
antibody that is directed against the hormone being measured, but RIAs generate a
radioactive signal where as EIAs use enzymes to generate a colorimetric signal. The
instrument used to read EIAs can be used for other purposes making it useful for multiple
analyses and the RIA is used simply for a particular analysis. RIA is appropriate when
dealing with large scale operations but can be a burden due to the short shelf-life of
reagents (Voller et al., 1978). RIA also generates expensive waste (radioactive material)
making them more costly all around (Sheriff et al., 2011). However, RIAs remain useful
in physiological studies due to their greater sensitivity and matrices versatility (Burrraco
et al., 2015). Burraco et al. (2015) completed a direct comparison of techniques (RIA vs.
EIA) used for measuring corticosterone in tadpoles. The assessment was completed using
RIA on a chloroform extract of whole-body homogenate, EIA on plasma samples, and
EIA on supernatant of whole-body homogenate. Burraco et al. (2015) observed greater
sensitivity with RIA but noticed the kits became saturated with lower amounts of
corticosterone exposure. EIA on plasma samples displayed a much larger dynamic range
and proved to be a more consistent procedure between the three techniques compared.
The decision on methodology can be made after all factors are weighed and consideration
of needs/availability have been evaluated, unfortunately there is no one solution for every
situation.
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Immunoassays are an excellent tool in determining hormone concentrations but have
limitations that LC-MS/MS analysis can overcome. Although the kits available can be
considered reasonably priced they are limited to quantitation of one analyte measured at a
time. Matrix interferences associated with biological fluids can cause inaccurate readings
if the sample is not properly purified. The EIA kits can have limitation in sensitivity and
a limited dynamic range in comparison with LC-MS/MS (Koal et al., 2011). Stanczyk et
al., attributed the sensitivity limitations of testosterone and estradiol to the possibility that
the hormones may not be being released efficiently from proteins that the have a strong
affinity for in serum samples. One of the major disadvantages of assays is high
variabilities in kits used by different analysts employing the same kit, typically due to the
poor validation of the assay. Lastly, the antibody specificity can be limited due to cross
reactivity with similar structures, particularly at lower levels of hormone concentration
(Koal et al., 2011). LC-MS/MS is less commonly used for this purpose but can identify
hormones in complex mixtures without the limitations.
LC-MS/MS Analysis
Liquid chromatography is an analytical technique used to separate compounds by
affinity between phases. The separation of multiple compounds in a single sample is
based on the interaction of compounds between the stationary phase and the mobile
phase. Stationary phases are usually a fine adsorbent solid, commonly silica based,
housed inside an analytical column. Common silica-based columns include C18, C8,
phenyl, and amino. C18 and C8 columns are made up of octyldecyl and octyl phases
respectively and are best for general nonpolar applications. Phenyl columns consist of
styryl phases that show a preference for aromatic compounds. Lastly, amino columns are
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used for sugars and anions applications but can lose separation ability when exposed to
air dissolved in the mobile phases over time. The stationary and mobile phase are
selected based on the chemical structure and affinity of the compound(s) of interest to the
certain phases. Polarity of the target compound is also important in determining the
stationary and mobile phase. Functional groups (i.e. hydroxyl, aldehyde, amino, carboxyl,
carbonyl, and phosphate) present in the compound have special properties, which can
lead to predictable chemical reactions and often determine whether a compound is polar
or non-polar (McMaster, 2005). Liquid chromatography is grouped into two major types
of separation modes in regards to polarity: reverse-phase and normal phase
chromatography. In reverse-phase chromatography, the stationary phase is less polar than
the mobile phase and in normal phase, the stationary phase is more polar than the mobile
phase. In reverse-phase, typically polar solvents, such as water, are used to bind with
molecules temporarily bound to the stationary phase and move them to the detector. In
normal-phase non-polar solvents, such as hexane, are used to elute molecules bound to
the stationary phase. The liquid chromatograph is coupled to a detector, which provides
the ability to quantitate the amount of compound(s) present in the sample. Detectors that
are commonly coupled to liquid chromatographs include: UV, fluorescence, evaporative
light scattering, and mass spectrometers (McMaster 2005). Mass spectrometers offer high
sensitivity as well as selectivity for a wide range of compounds by measuring a
compounds mass-to-charge ratio. Mass spectrometers that consist of a three-quadrupole
system use the following sequence of events: ionize, focus, separate (precursor ion),
fragment, focus, sperate (product ion), and detect. UV detection uses absorption,
occurring when energy applied causes electrons to go from ground state to an excited
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state. UV can be limiting if compounds of similar structure co-elute or lack
chromophores (functional groups containing electrons that easily absorb). Fluorescence
detection are ideal for compounds that have fluorescence properties. Fluorescence
detectors are highly selective because they use excitation and emission wavelengths.
Evaporative light scattering detectors nebulize the sample and measure the degree of light
scattering, which is related to the mass of the analyte of interest. The evaporative light
scattering detector can be used in some analysis where an analyte lacks the ability to
fluoresce. A comparison of detectors in food application can be seen in Table 1.1.

Table 1.1. LC Detector summary (Modified from Gratzfeld-Huesgen & Schein, 2002).
Detector Type

Sensitivity

Selectivity

Qualitative Information

Compounds

Variable-Wavelength

high, low ng range

low, one signal

low, only by RTs

vitamins, lipids, antibiotics

Diode Array

high, low ng range

high, several signals

high, RTs and

colors, aspartame, lipids,

at different

spectra

flavors, antioxidants

low, only by RTs

mycotoxins, vitamins, amino

wavelengths
Fluorescence

very high, low pg range

very high, light absorbance

preservatives

followed by emission of

acids, carbamates,

light must be possible
Electrochemical

very high, low pg range

very high, oxidation or

Refractive Index

high, low ng range

low, all compounds influence

glyphosate
low, only by RTs

reduction must be possible

vitamins, ions,
carbohydrates

low, only by RTs

carbohydrates

low, only by RTs

ions, organics acids,

refractive properties
Conductivity

very high, low pg range

high, iconic form of
compound necessary

Mass Spectrometry

high, low ng range

inorganic acids

very high, selective search for

very high molecular weight

specified masses

and fragmentation information

all

Mass spectrometers consists of three major components: the ion source, the mass
analyzer, and the detector. Electrospray ionization (ESI) was used to created gas phase
ions and is considered a gentle ionization method. The ions can be positively or
negatively charged depending on the positive or negative potential of the needle used for
sample delivery. The second component, the mass analyzer, is used to separate molecules
according to their mass-to-charge ratio (m/z). Mass-to-charge ratio is the relationship
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between the number of electrons removed from the molecule (charge) and the mass of the
molecule. Mass-to-charge ratio is calculated by the mass analyzer. The mass analyzer
used is known as a Quadrupole (Q) Mass filter, it allows ions in a limited m/z range
through to the detector. The Q Mass filter contains four parallel rods that use radio
frequency and direct-current potentials to filter out ions of interest. Lastly, the detector
converts the ions which reach that point to a signal that is registered and able to be
transferred to the acquisition system. The detector used is referred to as an electron
multiplier (EM), which amplifies a weak current of incoming ions by using a secondary
emission (Ekman et al., 2009).
Liquid Chromatography coupled to Mass Spectrometry (LC-MS/MS) has been used
to successfully quantitated hormones in human biological samples in several studies. In
an effort to eliminate the need for immunoassays, the challenge of quick and accurate
hormone testing has been employed in clinical laboratories around the world (Koal et al.,
2011; El-Khoury & Wang, 2013). The improvement in sensitivity and better affordability
of the instruments in recent years have made them an attractive option for clinical
laboratories. Gas Chromatography couple to Mass Spectrometry (GC-MS/MS) and EIAs
are commonly used for analysis in areas such as endocrinology, immunosuppressants,
drugs, vitamins, and organic acids, but LC-MS/MS has shown promise with shorter runtimes and less false-positive results. It has been observed that EIAs used to detect
testosterone and other hormones at low concentrations are often inconsistent and
inaccurate at low levels (ng/L). The lack of immunoassay specificity caused by matrix
cross-reactivities can result in overestimation of the hormones in some instances (Koal et
al., 2011). Since hormones play a pivotal role in several physiological processes, the
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determination of low-level hormone concentrations is essential to elucidate their role in
biochemical and physiological processes. Researchers are looking to sensitive and rapid
analytical methods to quantify multiple classes of hormones simultaneously to facilitate
the investigation of signaling networks. Due to the presence of toad hormones at low
concentration (ng) and their different chemistries, the development of high-throughput
and comprehensive methods for determination is challenging. Using GC-MS/MS is timeconsuming, as run times can exceed one hour/sample, and often requires labor-intensive
sample preparation. The GC-MS/MS for many hormone analyses requires derivatization
of the hormones due to the low volatility, therefore without this step it has limited
sensitivity. Derivatization is the altering of a compound’s structure to improve analytical
capabilities and often can be costly in time and commodities. There are different forms of
derivatization depending on the goal of the derivative. Types of derivatization common in
GC-MS/MS analysis include: alkylation, silylation, and acylation. Dai et al. published a
study in 2012 of a comprehensive LC-MS/MS method able to analyze 24 steroid
hormones in urine samples which proved to be selective, reliable, sensitive, and accurate.
This study was focused on the steroid hormone profile in humans for the goal of better
understanding hormone-related diseases. They analyzed pooled urine samples from 12
volunteers: five males, five nonpregnant females, and two pregnant females. These
pooled urine samples were extracted using a solid-phase extraction (SPE) procedure and
derivatized using deuterium 4-(dimethylamino)-benzoic acid (d4-DMBA). SPE
procedures are helpful in isolating target compounds in complex matrices due to the
filtration achieved. The extraction efficiencies ranged from 80% to 135% for 21 steroid
hormones in both androgen and estrogen classes (aldosterone, hydrocortisone,
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corticosterone, cortexolone, testosterone, 5-androstenediol, androsterone, mesterolone,
pregenolone, estrone, β-estradiol, 2-hydroxy estrone, 16α-OH estrone, estriol,
dehydroepiandrosterone, 5α-androstan-17b-ol-3-one, 5b-androstan-17b-ol-3-one,
deoxycorticosterone, 17α-hydroxypregnenolone, tetrahydrodeoxycortisol, 17αhydroxyprogesterone, and 5α-tetrahydrocorticosterone). The males showed higher levels
of androgens and females showed higher levels of estrogens, as expected. The pregnant
females had significantly higher levels of estrone, estriol, and progesterone which
showed there is a change in hormone profile during pregnancy (Dai et al., 2012).
The technique LC-MS/MS has been used in the testing of other hormones in
previous studies, such as plant hormones. Chiwocha et al. (2003) utilized LC-MS/MS to
simultaneously analyze several plant hormones with one single analytical run despite
their major differences chemically and structurally. The LC-MS/MS was able to detect
the following compounds using positive and negative ESI: absicisic acid, absicisic acid
glucose ester, 7’-hydroxyabsicisic acid, phaseic acid, dihydrophaseic acid, indole-3-acetic
acid, indole-3-aspareate, zeatin, zeatin riboside, isopentenyladenine,
isopentenyladenosine, and gibberellins. Chiwocha et al., in similarity, needed a reliable
quantitation method for rapid through-put of samples to profile hormones. The hormone
profiling would give a better understanding of the role hormone-induced signaling
networks play in physiological responses. Chiwocha et al. was able to overcome the
limitations of other techniques (i.e. GC-MS/MS) by using LC-MS/MS technology.
Chiwocha et al. also found that GC-MS/MS is limited by the volatility of the hormones of
interest and are associated with significantly longer analysis times. By using LC-MS/MS
in multiple reaction monitoring (MRM) mode, there is no need for chromatographic
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separation of compounds because the mass spectrometer can uniquely identify the
hormones by the precursor to product ion transition. MRM acquires data from specific
product ions resulting from a precursor ion with a specific mass-to-charge ratio (Ekman
et. al 2009). The LC-MS/MS method developed allowed for the quantitation of 25 plant
hormones and metabolites (four hormone classes) within 25 minutes per sample and
supplied the sensitivity and accuracy needed for the study. Three replicated seed samples
were incubated at 33°C for 4 days and extracted three times successively. All three
extractions were analyzed for extraction efficiency and ranged from 75-100% recovery.
The extraction and analysis were deemed successful for auxins, cytokines, abscisic acid,
and gibberellins in seed samples.
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CHAPTER III
METHODS

Immunoassays
DetectX® immunoassay test kits for estrone, estradiol, testosterone, progesterone,
and corticosterone were purchased from Arbor Assays, Ann Arbor, MI. Test kits used for
estriol were purchased from Cayman Chemical, Ann Arbor, MI. EIA test kits include
coated clear 96 well plates, hormone standards unique to each test kit, antibodies,
conjugates, assay buffers, wash buffer, TMB substrate, stop solutions, and plate sealers.
Deionized water was supplied by the Mississippi State Chemical Laboratory located at
Mississippi State University.
EIA test kits are specific to the hormone of interest; therefore, several plates were
used to test urine samples. The EIA test kits were purchased with antibodies for all six
hormones. The samples were first prepared by diluting ≥ 1:20 with assay buffer, which
must be used within 2 hours of preparation or stored at ≤ -20°C until assaying. After
allowing the kit reagents to come to room temperature they were prepared for use. The
assay buffer was diluted 1:5 by adding one-part concentrate to four parts deionized water.
The wash buffer was diluted 1:20 by adding one-part of the concentrate to nineteen parts
of deionized water. The standards were prepared by making a standard at 10,000 pg/mL
and serial diluted to 78.125 pg/mL. Standard curve solutions must be used within two
hours or stored at 0°C or below. Next, 50 µL of sample was pipetted into individual wells
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on the plate. A multichannel pipette was used to deliver 75 µL of assay buffer and 25 µL
of the conjugate to each sample well. 25 µL of specific antibody to the kit was added.
The plate was gently tapped to ensure adequate mixing of all the reagents with the
caution of contamination. The plate was covered with the plate sealer and shaken at 25oC
for one hour. The plate was aspirated and washed four times with 300 µL wash buffer.
Then 100 µL-TMB substrate was added to each well and incubated at ~25oC for thirty
minutes without shaking. The addition of 50 µL of stop solution was the last step before
the plate was read on plate reader.
LC-MS/MS
Hormone standards (testosterone, progesterone, corticosterone, β-estradiol,
estrone, estriol, and 17α-ethinylestradiol) as well as creatinine and dansyl-chloride
chemicals were purchased from Sigma-Aldrich, St. Louis, MO. Standards used were
considered analytical grade and had a purity of 95% or greater and stored at -20 oC until
use. Sodium bicarbonate, ammonium formate, formic acid, optima grade acetonitrile,
optima grade water, optima grade methanol, and optima grade ethyl acetate were
purchased from Fisher Scientific, USA. Solid phase extraction cartridges were purchased
from Waters®, Millford, MA, Phenomenex, Torrance, CA, and Fisher Scientific, USA.
Chromatographic separation was performed using an Agilent 1290 Infintiy High
Performance Liquid Chromatograph (HPLC) equipped with an Agilent Xorbax Eclipse
XDB C8 (4.6 x 100 mm) 1.8 µm analytical column for respectable peak resolution. The
HPLC was coupled to an Agilent 6460 Triple Quadrupole Mass Spectrometer armed with
Jet Stream technology. Data collected from the LC-MS/MS was assessed using
MassHunter B.04 software from Agilent. The toad samples were initially analyzed by
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direct injection on the LC-MS/MS, but unfortunately the complex matrix made it difficult
to obtain a hormone concentration. It was quickly discovered that the hormones in the
urine samples needed to be extracted out of the matrix and into an organic solvent for
better quantitation. However, the two major classes of hormones posed an analytical
problem in the extraction steps as they are vastly different in chemical structures. The
challenge was to develop an extraction that fit the needs of both androgens and estrogens
or risk being as financially taxing as the ELISA methods that were competed against.
There was also the problem of the estrogens being too insensitive for LC-MS/MS
analysis without modification to their structures and required alteration during the
extraction steps for better sensitivity.
DERIVATIZATION
Chemical derivatization was helpful in improving ionization of the estrogens by
adding a dansylation process to the extraction. The dansyl chloride is used to esterify the
hydroxyl group to enhance sensitivity in the LC-MS/MS analysis. A kinetics study was
performed to find the optimal ratios of temperature and time required for the dansylation.
Different extraction cartridges and solvent ratios were tested to find the best combination
to suit the needs of the experiment. The extraction and analysis were optimized for the
isolation of the hormones from the urine samples with trials performed using synthetic
urine. Extraction efficiency was determined using a sample with the addition of a known
concentration of hormones.
EXTRACTION
The extraction technique chosen to remove the hormones out of the urine samples
is referred to as solid-phase extraction (SPE). SPE extraction can prove useful when
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dealing with difficult matrices and small sample sizes. Multiple SPE cartridges were
tested with varying solvent combinations to determine the one suitable for the analysis of
multiple hormones of interest. Phenomenex Strata™ x 33u, Waters® HLB, and Thermo
Scientific™ HyperSep™ C8 SPE cartridges were tested with different solvent
combinations including acetonitrile, methanol, water, and ethyl acetate. The three SPE
alternatives consisted of ‘all-purpose’ reverse-phase cartridges which are suitable for
polar and nonpolar molecules. The Waters® HLB and Phenomenex Strata™ x 33u are
advertised as appropriate for solutions of any pH and high retention. The Thermo
Scientific™ HyperSep™ C8 SPE typically retains less than traditional C18 materials but
is also suitable for acidic, basic, and neutral solutions. Hormones are typically nonpolar
molecules due to their balance in electronegativities but there are few, if any, SPE
cartridges marketed for nonpolar compounds exclusively. Many SPE cartridges are
available for retention of compounds, some very specific to a class of compounds. The
three cartridges chosen offer retention for most classes of compounds. Solvent
combination 1 consisted of conditioning the SPE cartridges with acetonitrile and
methanol with the elution solvent consisting of acetonitrile. Solvent combination 2 used
methanol and ethyl acetate for conditioning solvents and both as elution solvents as well.
Solvent combination 3 used methanol and water as conditioning solvents and acidified
methanol with formic acid as the elution solvent. The results from the different
combinations can be found in Table 3.1. The Waters® HLB cartridges performed the
best overall for the recovery of both classes of hormones, therefore it was sued to test the
hormones in this study. The SPE cartridge was loaded onto a Supelco SPE (SigmaAldrich, St. Louis, MO) manifold and conditioned with 5 mL ethyl acetate and methanol.
27

The cartridge was then loaded with 50 µL of urine sample (at 0.02 mL/min) and washed
with water. Once the SPE cartridge was allowed to dry by pulling vacuum on a Sulpelco
manifold, the hormones were eluted off the SPE cartridge with 2.5 mL ethyl acetate and
2.5 mL methanol into the same collection tube. The samples were vortexed and split for
dansylating. The samples were all concentrated to dryness using a TurboVap® which
uses a flow of nitrogen over the samples in a heated bath to reduce solvent volume. The
sample set used for the analysis of androgens were reconstituted in 100% methanol to 0.5
mL, filtered with 0.2 µm PTFE filter, and analyzed by LC-MS/MS without further steps.
The estrogen portion of the samples underwent a derivation by adding 100 µL 5 mM
sodium bicarbonate and 100 µL of 1 mg/mL dansyl chloride solution to the sample. The
mixture was capped, vortexed, and heated in a water bath at 60°C for 20 minutes. The
samples were concentrated and reconstituted in 100% methanol to 0.5 mL, filtered with
0.2 µm PTFE, and analyzed by LC-MS/MS (Figure 3.1). Calibration standards were
prepared in methanol at concentrations specific to the LC-MS/MS method used. The
androgens were prepared from 50 ng/mL to 0.097 ng/mL by serial dilution and the
estrogens were prepared from 1 ng/mL to 0.00098 ng/mL also by serial dilution. The
estrogen standard was also dansylated using the same procedure listed above for LCMS/MS analysis.
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Table 3.1. Extraction recoveries with varying conditions and SPE cartridges.

Solvent Comb. 1
Analytes
Estrone
β-estradiol
Estriol
17α-ethinylestradiol
Corticosterone
Testosterone
Progesterone
Solvent Comb. 2
Analytes
Estrone
β-estradiol
Estriol
17α-ethinylestradiol
Corticosterone
Testosterone
Progesterone
Solvent Comb. 3
Analytes
Estrone
β-estradiol
Estriol
17α-ethinylestradiol
Corticosterone
Testosterone
Progesterone

1

Extraction Recovery (%)
Strata x 33u
HLB
HyperSep
50
81
24
37
51
28
56
42
22
26
47
32
85
88
78
89
87
82
93
81
79
Extraction Recovery (%)
Strata x 33u
HLB
HyperSep
81
95
45
74
92
38
83
92
37
68
87
44
86
91
81
89
92
83
92
91
80
Extraction Recovery (%)
Strata x 33u
HLB
HyperSep
68
81
46
72
74
52
79
62
47
60
67
62
91
93
82
86
94
90
87
90
87

Solvent combination 1: conditioning methanol, elution acetonitrile. Solvent combination

2: conditioning methanol/ethyl acetate, elution methanol/ethyl acetate. Solvent
combination 3: conditioning methanol/water, elution acidified methanol.
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Figure 3.1. Optimized sample extraction flow chart.
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Hormones were analyzed with two different LC-MS/MS methods optimized for
their specific group. Both androgens and estrogens were separated using a Zorbax Eclipse
C18 column at a temperature of 40°C with water (0.1% formic acid + 5 mM ammonium
formate) as solvent A and methanol (0.1% formic acid + 5 mM ammonium formate) as
solvemt B. The autosampler was chilled at 4°C for both analytical runs. The binary pump
flow rate for the estrogens was held at 1 mL/min with the following solvent gradient:
from 0 to 2.5 minutes solvent B increased from 10% to 50%, from 2.5 minutes to 5
minutes solvent B increased from 50% to 98%, and between 5 and 7 minutes returned to
10% B. The flow rate for androgens was held at 0.9 mL/min and included the following
gradient: from 0 to 1.5 minutes solvent B increased from 10% to 50%, from 1.5 to 6
minutes increased to 90%, and from 6 to 8 minutes returned to 10% B. Both methods
included a 2-minute post time to allow the instrument to re-equilibrate for the next
injection. Optimizing software available through MassHunter was used to gain
fragmentation voltage and collision energies along with optimal precursor and product
ions for each hormone analyzed. MassHunter Optimizer is automated to optimize
parameters used for multiple-reaction monitoring (MRM) for the MS/MS and store those
conditions for data acquisition. Parameters found to be optimal are found in Table 3.2.
The samples were analyzed using positive electrospray ionization (ESI). Androgens
included the following mass spectrometer conditions: sheath gas temperature, 300°C;
drying gas, 250°C; sheath gas flow, 11 L/min; nebulizer pressure, 35 psi, and capillary
voltage, 3000 volts. Estrogens included the following mass spectrometer conditions:
sheath gas temperature, 300°C; drying gas, 150°C; sheath gas flow, 13 L/min; nebulizer
pressure, 45 psi, and capillary voltage, 4500 volts.
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Table 3.2. Multiple Reaction Monitoring (MRM) parameters.
Compound Name
17α-Ethinylestradiol

Precursor
Ion
(m/z)
530.2

Estriol

522.2

β-Estradiol

506.2

Estrone

504.2

Corticosterone

347.2

Progesterone

315.2

Testosterone

289.2

Product
Ion
(m/z)
171.1
156
171.1
156
171.1
156.1
171.1
156
329.2
121.1
109
97.2
109
97.1
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Dwell Fragmentor
(msec)
(V)
50

101

50

81

50

71

50

80

60

91

60

86

60

80

Collison
Energy
(V)
40
50
36
41
40
41
36
50
12
21
28
25
28
21

CHAPTER IV
RESULTS

Assay Method Validation
Serial dilution validations were performed for six of the hormones (estrone,
estradiol, estriol, testosterone, progesterone, and corticosterone) to determine which
enzyme immunoassay (EIA) kits would be possible to use for hormone analysis in boreal
toad urine. A validated assay illustrated a similar slope (orange line in Figures 4.1-4.6) of
pooled samples to the slope of the standard curve. The similar slopes suggest hormones
of interest interact with the test antibodies in a predictable fashion. Results from
separately pooled female and male samples showed validation on the estrone, estriol, and
testosterone EIAs, suggesting they are appropriate tools for measuring hormone
concentrations in boreal toad samples. However, validation was not seen on the estradiol,
progesterone, or corticosterone EIAs and they are not recommended for use with this
species. Regarding the estrone validation, both female and male pooled samples showed
parallelism to the standard curve, and thus validated as shown in Figure 4.1. The female
pool samples showed higher concentrations compared to the male pool. It is
recommended female samples should be assayed at a dilution of ~1:40; and male samples
should be assayed at a dilution of 1:4. Like estrone, estriol had both female and male
pooled samples suggest parallelism to the standard curve; however, the parallelism was
not exact. The parallelism was strong enough that if a single dilution is used it should
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prove to be accurate. A dilution of 1:10 worked well for both male and female samples,
particularly because the parallelism appears best in this range of the serial dilution curve.
Interestingly, both male and female pooled samples showed similar concentrations of
estriol as seen in Figure 4.2. The concentrations were low (~0.2-0.5 ppb) in both sexes,
but appeared to have bound reliably during the assay (as evidenced by the parallelism), so
it is unlikely that the low concentrations were interfering with a proper read. Overall,
female pooled samples did not show parallelism to the standard curve for estradiol
(Figure 4.3). A small range of dilutions of the female sample (1:4-1:32) showed weak
parallelism to the standard curve and could potentially provide a measure of estradiol in
these samples, however the high % binding suggests the concentration of hormones in
these samples may have been too low to produce reliable results at these dilutions. The
male pool sample did not show parallelism to the standard curve and demonstrated high
% binding indicating male samples would likely not be reliably detected on the estradiol
assay. For testosterone (Figure 4.5) the male pooled samples showed parallelism to the
standard curve (validated), however the concentration was relatively low (≤1.00 ppb). A
dilution of 1:3 or 1:4 could be used for male samples (lower dilutions of 1:1 and 1:2 had
better detectability, however interference from the sample is common at such low
dilutions and are best avoided). The relatively low concentration of the samples may be
due to the toads used in the pool (perhaps the randomly selected toads had naturally low
testosterone concentrations). Female pooled samples also showed parallelism at low
dilutions (1:1 and 1:2). However, testosterone concentrations are typically too low in
most female samples to reliably detect using this assay system. It is possible that only
low concentrations of testosterone are excreted in toad urine, explaining the low
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detectable testosterone concentrations seen in the male samples assayed. An alternative
hormone such as dihydrotestosterone or testosterone glucuronide (a testosterone
metabolite) may be present at higher concentrations in toad urine, and may provide a
better measure of androgen concentrations, however few or no kits for these hormones
are available. For progesterone, both female and male pooled samples failed to validate
and showed essentially non-detectable concentrations of this hormone (Figure 4.4).
Therefore, this assay is not a reliable measure of progesterone in this species. Both
female and male pooled samples failed to validate on the corticosterone (Figure 4.6)
enzyme immunoassay and showed essentially non-detectable concentrations of this
hormone. Corticosterone is considered to be the predominate hormone associated with
stress in amphibians. The low concentrations present in these samples suggest the
animals were not under stress at the time of sample collection, and the low concentration
may account for the lack of validation. A biological validation (such as an ACTH
challenge), which stimulates the adrenal glands to produce corticosterone, may be
necessary to gather samples, which have detectable concentrations of corticosterone in
order to validate this assay. Distinct differences in estrone concentrations were observed
between female and male samples. Testosterone concentrations were low in both male
and female samples, but initial results suggest a concentration difference between the
sexes. Estriol could also be used as a second measure of urinary estrogens, however the
concentrations of this hormone will likely be low in both males and females and may not
present with any major differences.
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Figure 4.1. Estrone assay validation.

Figure 4.2. Estriol assay validation.
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Figure 4.3. Estradiol assay validation.

Figure 4.4. Progesterone assay validation.
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Figure 4.5. Testosterone assay validation.

Figure 4.6. Corticosterone assay validation.
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LC-MS/MS Method Validation
Reliable quantitation could be achieved for estrogens at 0.001 ppb and for
androgens at 0.100 ppb. The much lower limit of quantitation of the estrogens can be
contributed to the dansylation of the hormones for better ionization. Determining the
accuracy and precision of the method included the analysis of seven replicates at three
varying concentration levels. The lower level replicates were 0.001 ppb and 0.100 ppb for
estrogens and androgens, respectively. The mid-level replicates were 0.010 and 1.00 ppb
for estrogens and androgens respectively. Lastly, the upper level replicates were 0.100 for
estrogens and 10.0 ppb for androgens. The method for hormones in urine samples proved
to be accurate and precise with all compounds falling under 20% deviation and at least
80% precision. The developed/validated extraction, and LC-MS/MS method was
performed on 250 urine samples submitted from varying time points after administration
of hormones. Table 4.1 shows a subset of the results from one toad used in this study.
Twenty polar bear urine samples were then analyzed for the same hormone panel to test
the robustness of the method. The two sets of polar bear extractions showed similar
efficiencies as the toad urine sample sets. The extraction efficiencies were also tested by
fortifying a polar bear urine sample with known concentrations of all seven hormones.
The extraction efficiencies for a matrix spike and a fortified urine samples can be seen in
Table 4.2.
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Table 4.1. Results from toad CB1. *ND symbolizes not detected.

Sample

Estriol

17α EE

Estrone

β-Estradiol

Corticosterone

Progesterone

Testosterone

PPB

PPB

PPB

PPB

PPB

PPB

PPB

Sample 1

0.1717

1.2492

1.0269

1.3468

0.2054

0.2323

0.1684

Sample 2

0.2378

0.4324

0.8892

0.9514

0.0568

0.1757

ND

Sample 3

0.1688

0.5779

1.2013

1.1753

0.7338

0.1396

ND

Sample 4

0.0441

0.1721

0.3295

0.3463

0.1018

0.3169

ND

Sample 5

0.0737

0.2612

0.5433

0.6314

0.0417

0.3734

ND

Sample 6

0.1212

0.3146

0.5895

0.6564

0.0524

0.8843

ND

Sample 7

*ND

0.3683

0.5059

0.5932

0.1124

0.1139

0.0429

Sample 8

0.4239

0.3198

0.5934

0.7418

0.2640

0.6301

ND

Sample 9

0.2703

0.5907

1.2471

0.4710

0.4170

0.8340

0.1042

Sample 10

0.6535

ND

0.8512

0.2977

0.2651

0.1674

0.0233

Sample 11

ND

0.2172

0.5786

0.2464

0.1021

ND

ND

Sample 12

0.1000

0.5367

1.1000

1.1400

0.2733

0.6800

0.0600

Sample 13

0.2661

0.1729

0.5432

1.0665

0.1175

0.2439

0.0333

Sample 14

0.6758

0.1099

0.6447

1.4267

ND

0.4011

ND

Sample 15

0.1308

0.4064

0.5131

1.6177

0.0624

0.3038

ND

Sample 16

0.6484

0.6172

1.0430

2.8125

0.4766

0.7422

0.1328

Table 4.2. Extraction efficiencies of polar bear urine analysis.
Sample

Fortified
Sample
Matrix
Spike

Estriol

17α EE

Estrone

β-Estradiol

Corticosterone

Progesterone

Testosterone

%

%

%

%

%

%

%

92.1

82.9

90.7

84.3

86.6

87.1

87.6

88.8

81.7

89.3

84.1

85.4

88.5

81.7

Urine samples were analyzed in batches of ten with a set of quality control
samples (QCS), which were used to assess quality control measures including extraction
efficiency, accuracy, precision, and contamination. A blank matrix sample, synthetic
urine purchased through Fisher Scientific, USA, and a spiked matrix sample (sample with
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known concentration) were included with each batch. The blank matrix samples were
used to show any possible contamination through the laboratory procedures. If the blank
sample contained an amount of any of the hormones that was considered detectable, the
entire batch was re-analyzed. A spiked matrix sample was included to demonstrate
extraction efficiency. Acceptable spike recovery was considered between 80-120% for all
analytes and if any hormones did not fall in that specific range the batch again had to be
re-analyzed. The Waters® HLB cartridge showed the highest spike recoveries (≥ 80% for
all hormones) and was considered most suitable for both classes of hormones. The
combination of conditioning and elution steps of the SPE cartridge were explored with
several trials of QCS. It was concluded by spike recoveries that conditioning with a
combination of ethyl acetate and methanol yielded the best results for the purpose of the
extraction. Solvents such as acetonitrile, ethanol, and water were tested as well due to
their polar nature. An important part of the extraction was the danslyation of the estrogen
class for better ionization (increased sensitivity). However, dansylating the sample as a
whole affected the androgen class in a negative way (lower extraction recoveries);
therefore, the sample had to be split before the derivatization step. A kinetics study was
used to determine the relationship needed between time and heat to give the best
derivatization result Table 4.3. A heated bath of 60°C for 20 minutes after the addition of
sodium bicarbonate and dansyl chloride achieved the best matrix spike recoveries. It was
observed that samples must be analyzed by LC-MS/MS within 24 hours for best results.
The estrogen hormones analyzed produced linear curves (≥ 0.995) over a range of 0.001
to 10.0 ppb consistently and androgen curves from 1.00 to 50.0 ppb as seen in Figures 4.7
and 4.8. Separation was attempted with several LC analytical columns, but peak shape for
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all hormones was found to be best using an Agilent Zorbax Eclipse C18 column. Agilent
ZORBAX Eclipse C8, Agilent Poroshell 120 EC-C18, and Agilent Zorbax StableBond
columns were tested due to their silica cores and reversed-phase use. The C8, Poroshell,
StableBond, and C18 columns all showed promising peak shape but the best separation
was found using the Zorbax C18 column. The hormones of interest share similar
chemical structures making separation difficult, but the use of a triple quadrupole system
allowed co-eluting whilst still being able to identify each compound. The identification of
each hormone was also further confirmed using qualitative transitions.

Table 4.3. Summary of kinectic study.

Bath Temp.
40°C
45°C
50°C
55°C
60°C
65°C

5 min.
5
4
24
55
25
32

Dansylation (%)
10 min.
20 min.
60 min.
8
24
63
20
58
76
72
76
100
73
90
100
65
100
100
68
100
100
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120 min.
82
100
100
100
100
100

Figure 4.7. Androgen, progestin, and corticoid calibration curves.
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Figure 4.8. Estrogen calibration curves.
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CHAPTER V
DISCUSSION/CONCLUSION

Discussion
Hormone analysis can be very important to reproductive programs. The
information collected can assist in improving the timing of fertilization in addition to
better understanding the reproduction of boreal toads in general. Hormone profiling gives
scientists more information to assist in the efforts of conservation in captive breeding
programs; consequently, methods to determine these concentrations are extremely
important. The limited supply of certain anti-bodies required, and potential crossreactivity associated with EIA analysis can hinder achieving this goal (Sheriff et. al
2011). The low concentrations of hormones associated with boreal toads can also make it
difficult to reliably test using immunoassays. The commercial kits that are currently
being used for the profiling of the boreal toad are limited in supply, creating an urgency
to find other suitable methods. Therefore, the goal of this project was to develop a
reliable, accurate, and efficient method to compete with EIA.
The LC-MS/MS was a hopeful solution to replace or supplement the assays.
Method development included the testing of several SPE cartridges, and derivatizing
procedures. The required sensitivity of the project, ≤ 0.01 ppb posed an analytical
problem as the estrogens did not ionize well in LC-MS/MS analysis. Once it was
determined that dansylation vastly improved sensitivity (10 ppb to 0.001 ppb), the next
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step was finding an extraction technique that allowed for the isolation of several
hormones at once due to limited sample size. The sample size was limited to 50 µL for all
hormones for the LC-MS/MS method, whereas 50 µL was typical per compound for the
immunoassay kits. Splitting the sample after SPE extraction allowed for the estrogens to
be dansylated without negatively affecting the androgens and limiting cost and sample
use to one SPE cartridge. The validation of the LC-MS/MS method was based on the
FDA’s Analytical Procedures and Methods Validation for Drugs and Biologics method,
published in 2015. Validation of the developed LC-MS/MS method included the
analyzing of seven replicates at three varying concentrations. The results were then used
to calculate the coefficient of variation (CV) to show accuracy and precision. The CV for
all hormones remained under ten thus demonstrating an accurate method was developed.
The spiked matrix samples were also used to exhibit method robustness over the course
of several sample sets. Once the method was developed and validated, it was then used to
analyze approximately 250 boreal toad urine samples. The method was then tested for
robustness by analyzing urine samples from other species, polar bears. The same
hormones were tested on a set of 20 polar bear urine samples and yielded similar
extraction efficiencies as the toad urine samples. This was tested by adding a known
amount of all hormones to a polar bear urine sample and calculating recoveries. The same
quality control samples used in the toad urine assay were also included to ensure no
contamination was present and the recoveries remained above 80%.
LC-MS/MS systems are considerably more expensive in up-front costs; still, per
sample the LC-MS/MS method is financially feasible if more than one hormone
determination is needed over a significant period. Therefore, if hormone profiling is on46

going, a LC-MS/MS system should be strongly considered. The cost difference between
assays and LC-MS/MS can be equaled in less than roughly 1,000 samples analyzed if
several hormone determinations are desired. The EIA method as well as the LC-MS/MS
method can be useful depending on the information needed. In the case of only one
hormone of interest the EIAs can be faster and the reader for the assays is far cheaper
(typically between 2,000 and 10,000 USD) than a complete LC-MS/MS system (typically
150,000 to 450,000 USD). The EIA require individual assays for every hormone tested,
and they also require validation prior to use which makes the capability of the LCMS/MS attractive. In some cases, the assays are not commercially available.
Commercially available EIA kits for estrone, testosterone, and estriol were able to be
validated in this study but could not be completed for estradiol, progesterone, or
corticosterone. If a full hormone panel is required, the LC-MS/MS method is faster and
considerably cheaper (per sample) if the system is previously accounted for. The
hormone analysis by immunoassay averages 40 USD per hormone and the analysis by
LC-MS/MS averages 45 USD for all seven hormones of interest in commodity costs. In
addition to its selectivity and reproducibility, the LC–MS/MS method can simultaneously
monitor the concentrations of at least seven hormones in the same sample. The LCMS/MS method proved to be more reliable for these different classes of hormones,
especially at concentrations lower than 1.00 ppb. It would benefit the process to validate
the method using 96 well plates to optimize sample through-put moving forward. The 96
well plate will allow the filtering of 90 samples at once and eliminate the need for
sampling vials, which saves money in consumables. Well plates would be ideal for the
small sample sized used in the method, 50 µL. Also, in future work, the EIA and LC47

MS/MS should be directly compared using the identical urine samples. Since the assays
were only validated for three hormones the comparison would be limited but ideally it
would prove the two techniques are both appropriate ways to measure hormones in boreal
toads.
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